A label-free method for studying DNA sequence recognition of mitoxantrone (MIT) by resonance light-scattering (RLS) technique has been developed in this contribution. Through the RLS spectra, the selective no-covalent interactions between MIT and double-stranded DNA, single-stranded DNA (ssDNA), oligonucleotides were systematically studied. The results of the experiments displayed that MIT had an obvious preference to ssDNA with the K (K RLS ), 15.16 mmol mg À1 and the number of binding sites (N), 8.68 Â 10 À4 mmol mg À1 . Besides, it was found that MIT had a preference to sequences that were rich in guanine and cytosine bases with K RLS , 17.29 l mmol À1 and N, 1.19 Â 10 À2 l mmol À1 . The recognition mechanisms were well discussed and by fluorescence method and atom force microscopy, the RLS technique was confirmed to be a reliable method in this study. Compared with other methods, what the RLS strategy displayed was the direct interaction between anticancer drugs and DNA in vitro without the influence of a foreign substance. Thus, it can be a simple, fast and label-free strategy for DNA sequence recognition studies of DNA-targeted anticancer drugs.
INTRODUCTION
Owing to the need of cancer therapy and anticancer drugs design, investigation to the interaction between DNA and DNA-targeted anticancer drugs (DTAD) is increasingly significant. 1 Studying their micro-mechanisms, such as binding mode, DNA sequence recognition and structure-activity relationships, can not only display their identification and assembling mechanism detailedly, but also supply a theoretical basis for anticancer drug design. [2] [3] [4] [5] [6] [7] As is well known, the toxicity or side effect of anticancer drugs is generally generated by their attacking to the normal human cells. 8 With the aim to decrease it, researches on the selectivity of anticancer drugs have been of more and more significance. 9 Among these researches, the investigation on the sequence recognition of DTAD has been a basis for others. 10 At present, there are some main methods of investigation on the sequence recognition of DTAD, such as NMR assay, 11 X-ray assay, 12 and theoretical modeling assay. 13 But the equipments of these methods are expensive with the experimental procedures too complex. To make up for these disadvantages, chemiluminescence assays 14 and electrochemical methods, 15 in which fluorescence regents, conjugated polymers and nanomaterials are always used as probes, have been gradually developed recently. Owing to their advantages of simplicity and low cost, serial similar assays for studying the selectivity of anticancer drugs have been proposed. But what should be noted is that a foreign reagent always has to be used as the probe in these methods and thus the weak interaction between DTAD and DNA will be influenced easily. So the results of these methods may not be what the fact is. In order to overcome the above problem, we firstly developed a resonance light-scattering (RLS) strategy to non-damagingly investigate the DNA sequence selectivity of anticancer drugs and their selectivity mechanism in this contribution.
RLS is a kind of elastic scattering. The successful application of it in analytical chemistry was firstly reported in 1993, in which Pasternack et al. 16, 17 successfully studied the J-assembly of trans-bis (N-methylpyridinium-4-y1) diphenylporphine and its copper(II) derivative on DNA using a common fluorescence spectrophotometer. In 1996, Huang et al. 18, 19 brought RLS technique into the quantitative analytical chemistry and completed the determination of DNA. Subsequently, RLS technique has obtained a wide application in analytical chemistry because of its simplicity, low cost and reliability. [20] [21] [22] [23] [24] [25] In our lab, this technique has been successfully used in the environmental analysis 26 and DTAD screening. [27] [28] [29] [30] Mitoxantrone (MIT, shown in Supplementary Figure S1 ), as a kind of widely used anticancer drugs, has a similar structure with doxorubicin. It can insert into the duplex of DNA and form a complex, which can restrain the activity of polymerases of DNA and RNA, which is also the basis of its antitumor effect. 31 In this contribution, the selective non-covalent interaction between MIT and DNA has been investigated non-damagingly by the RLS strategy; especially the DNA sequence recognition of MIT was systematically studied and the selective mechanism was also discussed. In order to confirm the reliability of the RLS assay, atomic force microscope (AFM, Digital Instruments, Santa Barbara, CA, USA) and fluorescence method were also involved and the results confirmed that the RLS technique can be an effective and reliable method in the research of selectivity of anticancer drugs.
RESULTS AND DISCUSSION
The RLS spectra of MIT-double-stranded DNA (dsDNA) under optimum conditions was shown in Figure 1 , from which we can see that the RLS signals of MIT and dsDNA at 395 nm were both very weak. Although certain amount of dsDNA was added into the MIT solutions, the RLS signal enhanced dramatically and it had a good linear relationship with the concentration of dsDNA (Y ¼ 46.10 þ 31.64X). According to what has been reported, the increment of RLS signals at 395 nm was attributed to the MIT-dsDNA complex, which was formed by the insertion of MIT molecule into the duplex of dsDNA. 31 Meanwhile, the hydrogen bond between the electronegative groups of MIT and dsDNA can also stabilize the MIT-dsDNA complex, 32 which also resulted in the remarkable enhancement of RLS signals. Based on the phenomenon above, we exercised the advantage of high sensitivity of RLS technique in the nucleotides research in vitro and brought it into different sequence systems. By comparing their preferences to different sequences, which are obtained from the RLS spectra, DNA sequence recognition of DTAD can be studied non-damagingly. In this strategy, it doesn't need any probe and what it displays is the real direct interaction between DTAD and different DNA sequences in vitro. Figure 2 is the AFM schemes of dsDNA and MIT-dsDNA complex. Obviously, it can be seen that dsDNA without MIT is mainly in the presence of dispersive particles, which are formed by the hydrophobic effect of dsDNA. After MIT is added, it's clearer in the threedimensional schemes that dsDNA assembles into large particles and intertwines together. So it's the assembling and intertwining of dsDNA that induce the increase of RLS intensity of MIT-dsDNA system. Moreover, the fluorescence spectra of MIT-dsDNA system were studied. As displayed in Figure 3 , the fluorescence intensity of the system gradually decreased with the increase of dsDNA concentration. When the dsDNA concentration was 8.0 mg ml À1 , the fluorescence of the system hardly quenched, which is because that anthraquinone ring structures of MIT were good electron acceptors and DNA bases were good electron donors. It is the electron transition between DNA bases and anthraquinone ring structures of MIT that induced the sharply decreased fluorescence of MIT-dsDNA system. 33 Therefore, it can be confirmed that MIT can interact with dsDNA in vitro directly and it's also their interaction that results in the changing of RLS signals. Thus, the strategy is reliable to be used to non-damagingly study the DNA sequence recognition of DTAD. In order to improve the sensitivity of RLS technique in this analytical system, the main influence factors were optimized with the dsDNA system as a model (Supplementary Figure S2) . From what was shown in the figure, we can see that DI RLS (The enhanced RLS intensity was presented as DI RLS ¼ I RLS ÀI 0 RLS , Where, I RLS and I 0 RLS were the RLS intensities with and without MIT, respectively.) gradually decreased with the increase of pH. And thus pH ¼ 2.0 was selected as the optimized acid condition in this work. As to this phenomenon, we considered that the hydroxyls and amino of MIT would be in the form of positive ions under low pH and these positive ions could attack the phosphate skeleton of dsDNA. So the complex of MIT-dsDNA under low pH was more stable and the RLS signal was stronger. Similarly, the RLS signals increased gradually with the increase of concentration of MIT in a relative range and when the concentration of MIT was 1.0 mg ml À1 , the RLS intensity reached the highest. But the RLS signals of the system began to decrease while the concentration of MIT was higher than 1.0 mg ml À1 . This is because when the concentration of MIT was 1.0 mg ml À1 , the reaction between MIT and dsDNA was completed accomplishedly. If excess MIT was added, it would affect the interaction between MIT and dsDNA, which also resulted in the decrease of the RLS intensity of the system. Therefore, 1.0 mg ml À1 was selected as the optimizing concentration of MIT. Additionally, the influence of ion strength, effect of the incubation time and temperature were also investigated and we got the results that no other electrolytes were needed to adjust the ion intensity in this work. And the RLS intensity was stable when the temperature was kept in the range 20-40 1C. At room temperature MIT could react with dsDNA immediately after mixing together. Thus, this method does not require special crucial timing and temperature conditions. All the experiments were carried out under room temperature. In the experiments, we have compared the results under the optimum conditions with those under physiological conditions and the results displayed they were consistent. But under the optimized conditions, the RLS intensity was much stronger and that would improve the stability and sensitivity of the method. So all the experiments were completed under the optimum conditions.
With the same strategy, into MIT solution were added certain amount of single-stranded DNA (ssDNA) solutions under the same conditions, the changes of the RLS intensity was shown in 
Where, I 0 is the intensity of incident light and I is the Raleigh scattering intensity; n is the refractive indices of the medium; c is the concentration of particles; V is the volume of the particle; N A is the Avogadro constant; and l, l 0 are the wavelength of emergent and incident light, respectively. Under the same experiment conditions, these parameters (V, N, l, l 0 ) are constants. So the scattering intensity I RLS is proportional to the concentration of drug c or the number of particles in the unit volume u. The formula can be rewritten as below:
Herein, [S] is defined as the dissociative binding site of DNA without MIT molecules; [L] is defined as the equilibrium concentration of MIT, which has not reacted with DNA and N is defined as the average binding sites of DNA. Then, the reaction between MIT and DNA can be described like this:
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As to equation (2), it can be simplified as equation (5) because of the fact that the RLS signal is mainly resulted from the complex of MIT-DNA.
K can be obtained from the linear equations above and then [SL] can be figured out according to equation (5) . Moreover, MIT interacts with DNA mainly by inserting and hydrogen bond, so the reaction can be characterized by the Langmuir adsorption isotherm theory: Table 1 , from which we can see that it has a smaller N but larger K RLS in ssDNA system. And this reflects that the complex of MIT-ssDNA is more stable despite it has fewer binding sites. Therefore, we can conclude that MIT tends to react with ssDNA comparing with dsDNA. 35 Under the same conditions as in the dsDNA and ssDNA systems, the spectra of two oligonucleotides systems were shown in Figure 5 (linear regression equations of a, b system are Y ¼ 408.81X þ 54.34, Y ¼ 114.68 þ 47.78X). From the figure, we can see that RLS intensity of oligonucleotides a system largely increases with the increase of the concentration of oligonucleotides a. But the change of oligonucleotides b concentration leads to little change of RLS intensity of the system. In order to describe the DNA bases recognition of MIT clearly, K RLS and N of these two systems were also studied according to the equations above. For these two oligonucleotides, K RLS and N of these two systems were also shown in Table 1 . From the results, it's obvious that although with a smaller N, K RLS of oligonucleotides a system is larger than that of oligonucleotides b, which displays that it is easier for the reaction between MIT and oligonucleotides a. Therefore, we can conclude that MIT has a preference to the sequence, which is abundant with GC bases. 36 Relative researches have confirmed that the anthraquinone ring of MIT can insert into the duplex of DNA. Meanwhile, the hydrogen bond between the electronegative groups of MIT and DNA can stabilize the MIT-DNA complex. From the results above, it's obvious that MIT tends to react with ssDNA compared with dsDNA. We deduce that the selectivity is mainly resulted from the steric effect of dsDNA. In other words, the duplex of dsDNA blocks the inserting of MIT molecule. As the decrease of torsional strain of ssDNA, it is easier for the formation of hydrogen bond between MIT and ssDNA. As a kind of weak interaction mode, hydrogen bond has an important role in assembling of macromolecules and molecular recognitions. Therefore, we consider it's the presence of these hydrogen bonds that induces the DNA sequences recognition of MIT. As to the bases selectivity of MIT, the results in this work are coincident with the latest research. 37, 38 Additionally, we consider that the two long flexible chains of MIT can spread to the opposite direction, respectively, and form hydrogen bonds with the amino of guanine and cytosine. Thus, MIT has an obvious preference to oligonucleotides a.
In this contribution, DNA sequence recognition of MIT as well as its selectivity mechanisms was studied non-damagingly by a RLS strategy. The advantage of high sensitivity of RLS technique got full played in this work. From the results above, it can be seen that MIT tends to interact with ssDNA spontaneously and has selectivity to GC sequences. And their equilibrium constants and binding numbers were also calculated. Compared with other methods, the RLS strategy displayed the real direct interaction between anticancer drugs and DNA in vitro without the influence of a foreign substance. Also in this work, the advantages of high sensitivity and simplicity of the RLS strategy indicated that it would be an essential method in DNA sequence recognition studies of DTAD. Moreover, the results of this work not only have verified the latest research achievements about MIT, but also can supply a theoretical basis for the improvements of the selectivity of anticancer drugs and the similar anticancer drugs design.
EXPERIMENTAL PROCEDURE Materials and Reagents
MIT and dsDNA (calf thymus DNA, ctDNA) were all purchased from Sigma Company, St Louis, MO, USA; MIT solution (20.0 mg ml À1 ) was obtained by dissolving certain amount MIT in doubly distilled water and stocked in dark. The stock solution of dsDNA was prepared by dissolving the commercial products. The concentration of working solution of dsDNA was 20.0 mg ml À1 . The ssDNA was obtained by treatment of DNA above 90 1C for 15 min and then chilling in ice-water bath. Two oligonucleotides (a: 5 0 -GGCCGGCC GCGCGGCCGGCC-3 0 , b: 5 0 -AATTAATTATATAATTAATT-3 0 ) were synthesized by Beijing Sunbiotech Co., Ltd. (Beijing, China) and their working concentration was 2.0 mmol l À1 . Britton-Robinson (BR) buffer solution was used to adjust the pH of solutions. Doubly distilled water was used throughout. And all chemicals used without other illustration were of analytical grade or the best grade commercially available. All above solutions need to be stored at 4 1C.
Apparatus
Both RLS spectra and fluorescence spectra were measured on a Perkin-Elmer LS-55 spectrofluoremeter equipped with a 1 cm Â 1 cm quartz cuvette. The AFM schemes were gotten on a MultiMode Nanoscope IIIa atomic force microscopy (Digital Instrument Company). All pH measurements were made with a SA720 Instrument (Orion Research, Toronto, ON, Canada).
Experimental procedure
Into a 10-ml calibrated flask were added certain amount of BR buffer, MIT solution and DNA. The prepared solution was diluted to 10.0 ml with doubly distilled water and stirred thoroughly waiting for determination. The RLS spectra were studied by scanning simultaneously the excitation and emission monochromators (Dl ¼ 0) from 250.00 to 700.00 nm. Both excitation and emission slits were 10.0 nm. In the fluorescence assay, the preparation of solutions was similar as in the RLS spectra method. And the emission fluorescence spectra were scanned with l ex ¼ 608 and 5.0 nm slit. AFM samples were prepared by combining the advantages of spin-coating method and cationic deposition method. First, the new dissociated mica sheets have to be washed by 1.0 mmol l À1 MgSO 4 in order to improve their loading capacity and 20 ml prepared solutions were dripped on the micas and then the micas were put on the center of a centrifuge making the solutions overspread the micas under slow rotating speed. After 1-2 min deposition, 20 ml doubly distilled water was used to wash the samples by the same method above. At last, after nature airing, the samples were scanned on a MultiMode Nanoscope IIIa atomic force microscopy.
